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Chlamydia-Infected Cells Continue To Undergo Mitosis and Resist
Induction of Apoptosis
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Both anti- and proapoptotic activities have been reported to occur during chlamydial infection. To reconcile
the apparent controversy, we compared host cell apoptotic responses to infection with 17 different chlamydial
serovars and strains. None of the serovars caused any biologically significant apoptosis in the infected host
cells. Host cells in chlamydia-infected cultures can continue to undergo DNA synthesis and mitosis. Chlamy-
dia-infected cells are resistant to apoptosis induction, although the extent of the antiapoptotic ability varied
between serovars. These observations have demonstrated that an anti- but not proapoptotic activity is the
prevailing event in chlamydia-infected cultures.

Chlamydiae are obligate intracellular bacterial pathogens
consisting of three major species with each causing unique
health problems for humans (6, 8, 9, 11, 32). The Chlamydia
trachomatis species has more than 15 different serovars, includ-
ing serovars A to K, serovars L1 to L3, and a murine strain
known as the mouse pneumonitis agent, which has recently
been designated chlamydia muridarum. In general, serovars A
to C cause ocular infection that can lead to blinding trachoma
in developing countries (48), while serovars D to K are the
leading cause of sexually transmitted bacterial diseases in the
United States and other developed nations (44). In some cases,
the lymphogranuloma venereum (LGV) serovars (L1, L2, and
L3) can cause infections leading to LGV (2). The species
Chlamydia pneumoniae causes human respiratory infection
that has recently been linked to atherosclerosis (9), while the
species Chlamydia psittaci is primarily an animal pathogen,
although humans can acquire infection from C. psittaci-in-
fected animals (11). Many different C. psittaci strains have been
identified, including the strains GPIC (25) and 6BC (14).

Despite the diversity in tissue tropism and pathogenic phe-
notypes, all chlamydial serovars and strains must replicate in
the cytoplasmic vacuoles of eukaryotic cells (21). A typical
chlamydial infection starts with the entry of an infectious ele-
mentary body (EB) into eukaryotic cells via endocytosis. The
internalized EB then develops into a noninfectious but meta-
bolically active reticular body for replication. The progeny
reticular bodies finally differentiate back into EBs for exiting
the infected cell and infecting new target cells. In an in vitro
cell culture system, the entire replication process, occurring
within a modified cytoplasmic vacuole (also called an inclu-
sion), can take one to several days to complete, depending on
the serovars or strains. In general, at an infection load of 50%,
most organisms are differentiated back to EBs by �30 h after

infection for chlamydia muridarum, GPIC, and 6BC; by �40 h
for L1 to L3; by 60 to 70 h for A to K; and by 3 to 5 days for
C. pneumoniae strains. However, the timeline for organism
differentiation during natural infection is still unknown, al-
though it is thought that chlamydiae can persist in the infected
host for long periods of time, which may be a major contributor
to the pathogenesis of chlamydial diseases in humans (4, 28).

The fact that chlamydiae have been able to survive and
replicate intracellularly so successfully suggests that chlamyd-
iae have evolved the ability to manipulate host cells. It is
known that chlamydia-laden vacuoles can actively avoid fusion
with lysosomes, although the molecular mechanism involved
remains to be elucidated (21, 42). We have previously shown
that chlamydiae possess various molecular means for protect-
ing the infected cells from being destroyed by host defense
mechanisms, including suppression of host cell major histo-
compatibility complex antigen expression (52–54) and block-
ade of host cell apoptosis pathways (16). However, due to the
complex interactions between chlamydiae and host cells, dif-
ferent labs have reported varied outcomes in regard to chla-
mydial effects on the host apoptosis program. Since our initial
description of chlamydial interactions with host cell apoptosis
(16), there have been more than 30 publications on the subject.
Both anti- and proapoptotic activities have been described for
different serovars and strains and at different times after infec-
tion (12, 13, 16, 19, 34, 35, 37). To reconcile the apparent
conflicting observations, we compared 17 different chlamydial
serovars and strains from both the C. trachomatis and C.
psittaci species for their effects on host cell apoptosis. Since an
antiapoptotic activity has been consistently assigned to the C.
pneumoniae species under various culture conditions (1, 18,
37), this species was not included in the comparison. When the
17 serovars and strains from both the C. trachomatis and C.
psittaci species were analyzed, we found that although statisti-
cally significant apoptosis events were observed in cultures
infected with some serovars and strains, especially at the late
stages of infection, none caused biologically significant apopto-
sis, since �15% of cells were apoptotic even in the samples
with the highest apoptosis rate. In fact, host cells in chlamydia-
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infected culture can continue to undergo active DNA synthesis
and form mitotic spindles. More importantly, all chlamydial
serovars exhibited a clear antiapoptotic activity throughout the
experiments, although the extent of the antiapoptotic ability
varied between serovars. These observations have extended
our previous finding and demonstrated that an anti- and not a
proapoptotic activity is the biologically significant event in cul-
tures infected with chlamydiae.

MATERIALS AND METHODS

Chlamydial organisms and infection. The chlamydial serovars and strains used
for the present study include A, B, C, D, E, F, G, H, I, K, L1, L3, and Ba
(obtained from Harlan Caldwell at the Rocky Mountain Laboratory, National
Institute of Allergy and Infectious Diseases, National Institutes of Health, Ham-
ilton, Mont.); 6BC (kindly provided by Thomas Hatch, University of Tennessee,
Memphis) (14); chlamydia muridarum (kindly provided by Louis De La Maza,
University of California, Irvine); and L2 and GPIC (our stocks). These organisms
were grown, purified, and titrated as previously described (55). Aliquots of the
organisms were stored at �80°C until use. HeLa cells (American Type Culture
Collection, Manassas, Va.) and MS74 cells (endometrial epithelial cells; kindly
provided by John Alderete, University of Texas Health Science Center at San
Antonio) were maintained in Dulbecco’s modified Eagle’s medium (GIBCO
BRL, Rockville, Md.) with 10% fetal calf serum (GIBCO BRL), while human
umbilical vein endothelial cells (HUVEC) (Cambrex Bio Science Rockland, Inc.,
East Rutherford, N.J.) were maintained in complete EGM medium (Cambrex).
For infection, cells were grown on glass coverslips in 24-well plates overnight
prior to chlamydial inoculation. Chlamydial organisms diluted in DMEM with
10% fetal calf serum were directly inoculated onto the cell monolayers. The
infection dose was pretitrated for individual serovars, and an infection rate of
�50% was used for all serovars in all infection experiments. The corresponding
multiplicities of infection (MOIs) were �0.5 for chlamydia muridarum, GPIC,
and 6BC; 1 for LGV serovars, D, E, I, and K; and 2 for A, B, C, F, and G in HeLa
cells. MOIs of 1 for L2 in MS74 cells and 5 in HUVEC were used. HUVEC were
least susceptible to chlamydial infection. The variations in MOIs between chla-
mydial strains for achieving the same infection rate in different cells were largely
caused by the differences in chlamydial growth dependence on cycloheximide.
Our stocks were titrated in the presence of cycloheximide in HeLa cells, and no
cycloheximide was used in the infection experiments. Our intention was to avoid
high infection dose-induced toxicity and to also allow sufficient numbers of both
infected and uninfected cells to be counted from the same cultures. The cell
samples were cultured at 37°C in a CO2 incubator and processed at various time
points after infection, as indicated for individual experiments, for microscopic
observations as described below. For apoptosis induction, a proapoptotic stim-
ulus, staurosporine (Sigma, St. Louis, Mo.), was added to the cultures at a final
concentration of �1 �g/ml and left for 4 h. For bromodeoxyuridine (BrDu)
incorporation experiments, BrDu (catalog no. 550891; PharMingen, San Diego,
Calif.) was added to cultures at a final concentration of 1 �g/ml and left for 4 h
prior to the termination of the culture experiments.

Immunofluorescence staining. Cells grown on coverslips were fixed with 2%
paraformaldehyde dissolved in phosphate-buffered saline for 30 min at room
temperature, followed by permeabilization with 1% saponin for an additional 30
min. To avoid detaching the apoptotic cells, all solutions were prewarmed to
room temperature and added to each well gently. After washing and blocking,
the cell samples were subjected to various combinations of antibody and chem-
ical labeling. For visualizing apoptotic cells, three different combinations of triple
labeling were used: Hoechst stain (blue for binding to DNA) (Sigma) plus
anti-chlamydial lipopolysaccharide (LPS) (clone M5B9, murine immunoglobulin
G3 [mIgG3]) (unpublished data) plus anti-cytochrome c (6H2.B4, mIgG1)
(PharMingen), Hoechst stain plus anti-chlamydial LPS plus terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) stain (la-
beling free DNA ends with fluorescein isothiocyanate-dUTP as instructed by the
manufacturer) (Promega, Madison, Wis.), or Hoechst stain plus anti-cytochrome
c plus TUNEL stain. The bound primary antibodies were visualized with either
Cy3 (red)- or Cy2 (green)-conjugated goat anti-mouse IgG1 or IgG3 (Molecular
Probes, Eugene, Oreg.) so that each of the triple stainings was in a different
color. For detecting spindle microtubules, the cells were similarly processed and
stained with Hoechst stain plus anti-chlamydial LPS plus anti-acetylated tubulin
(611b1, mIgG2b) (Sigma). The primary antibodies were visualized as described
above except that the goat anti-mouse IgG3 was replaced by a goat anti-mouse
IgG2b. For visualizing BrDu incorporation, the cell samples were similarly pro-

cessed except that a base denaturation step (HCl at a final concentration of 1 N
for 1 h at 37°C) was used to break double-stranded DNA. The cell samples were
then stained with Hoechst stain plus an antichlamydia rabbit antiserum (R1L2,
raised with purified EBs of C. trachomatis serovar L2) (unpublished data) plus
anti-BrDu (BU33, mIgG1) (Sigma). The primary antibody labeling was visual-
ized with a goat anti-rabbit IgG conjugated with Cy2 and a goat anti-mouse IgG
conjugated with Cy3 (Caltag, Burlingame, Calif.).

Fluorescence microscopy. The cell samples after the appropriate immunola-
beling were used for both image acquisition and cell counting with an AX-70
fluorescence microscope equipped with multiple filter sets (Olympus, San An-
tonio, Tex.). For acquiring images, the multicolor-labeled samples were exposed
under a given filter set at a time, and the single-color images were acquired with
a Hamamatsu digital camera. The single-color images were then superimposed
with the software SimplePCI to display multicolors. For counting cells with
particular staining phenotypes, five random views per coverslip were counted
under the appropriate objective lenses. In each experiment, the number of cells
or nuclei per view was calculated from 10 random views of duplicate coverslips.

Statistical analysis. A two-tailed Student t test from http://faculty.vassar.edu/
lowry/tu.html or in the software SigmaPlot was used for statistical analysis of
data.

RESULTS

Chlamydial infection induces a low level of apoptosis, and
most apoptosis is detected in uninfected cells. Since DNA
fragmentation or nuclear condensation and mitochondrial
cytochrome c release into cytosol are two major hallmarks
for most apoptosis events, we used these apoptotic features
to evaluate the effects of chlamydial infection on host cell
apoptosis (Fig. 1). A comparison of three triple-labeling
combinations revealed that simultaneous visualization of
DNA together with chlamydial inclusion and cytochrome c
or DNA fragmentation allows us to accurately monitor the
apoptosis events in cultures infected with different strains of
chlamydiae. Shown in Fig. 1A are representative examples
of three different combinations of labeling for cells infected
with GPIC, L3, and L2 for 30 h. Hoechst staining clearly
revealed both host cell nuclei and chlamydial inclusions.
Furthermore, the condensed host cell nuclei exhibit ex-
tremely intense Hoechst staining, which has been conven-
tionally used as an indicator of nuclear apoptosis (16). In-
deed, TUNEL staining revealed DNA fragmentation in the
condensed nuclei, and anti-cytochrome c staining showed
mitochondrial cytochrome c release into cytosol of the cells
with condensed nuclei. Based on these staining patterns, we
quantitated the number of apoptotic cells in cultures with or
without infection with 17 different chlamydial serovars at 24,
30, 48, and 72 h after infection (Fig. 1B). To differentiate the
effect of chlamydial infection on the infected cells (bearing
chlamydial inclusions) from that on uninfected cells (bear-
ing no inclusions) in the same infected cultures, apoptotic
events in these two cell populations were quantitated sepa-
rately. At 24 and 30 h after infection, a level of �5% apo-
ptotic cells was detected in either the infected or uninfected
cell populations from most culture samples, with the excep-
tion of the uninfected cells of samples from cultures infected
with serovars C (5.5% apoptosis at 24 h), E (8% at 24 h and
5% at 30 h), and H (8% at 30 h). By 48 and 72 h, the overall
apoptotic events increased in all cultures, including the non-
infection control culture with �5% (48 h) or �4% (72 h) of
apoptosis. However, most of the infected cultures main-
tained �10% apoptotic cells, with the exception that the
chlamydia muridarum-infected culture reached �10% apo-
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ptosis at 48 h and 6BC-infected cells reached �14% at 48 h
and �10% at 72 h. These apoptotic events occurred in cells
bearing no inclusions, although these cells were in the in-
fected cultures. In fact, the level of apoptosis was generally
higher in cells without inclusions than in those with inclu-
sions in the same infected cultures. For example, there were

statistically significant differences in the percentage of apo-
ptosis between cells with (1%) or without (10%) inclusions
in chlamydia muridarum-infected cultures at 48 h (P � 0.01)
and between cells with (2%) or without (8%) inclusions in
L2-infected culture at 72 h (P � 0.05). However, the cul-
tures infected with either GPIC (72 h after infection) or

FIG. 1. Effects of chlamydial infection on host cell apoptosis. HeLa cells with or without infection with 17 different chlamydial serovars were
processed at various times after infection and subjected to triple labeling by using an immunofluorescence staining assay as described in Materials
and Methods. (A) Representative images of three different combinations of triple labeling, using cells infected with chlamydial GPIC, L3, and L2
serovars for 30 h. DNA was labeled blue with Hoechst stain, fragmented DNA was labeled green by a TUNEL assay, and chlamydiae were labeled
either red or green and cytochrome c (Cyt. c) was labeled either red or green by antibody-directed staining. The images were acquired a single
color at a time (each in gray; first three rows) and assembled into tricolor via computer software-mediated overlay (bottom row). The single
apoptotic cell in each column (from each culture) is indicated with an arrowhead in the overlay panels. Note that apoptotic cells can be easily
identified with each of the three staining combinations. (B) Cells in the triply labeled cell samples were counted under a fluorescence microscope
as described in Materials and Methods. Although all three combinations of triple staining described above were used, only one combination was
used for a given experiment. Cells with or without chlamydial inclusion and with or without apoptotic nuclei were counted independently from the
same view, and five random views were counted from each coverslip. The results (means � standard deviations) are from three to eight
experiments, each with duplicates and were compared for cells bearing inclusions (open bars) and those bearing no inclusions (solid bars) from
the same infected cultures or the cells from the cultures of HeLa cells alone (last solid bar). MoPn, chlamydia muridarum.
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6BC (48 and 72 h) displayed a high apoptosis rate in both
infected and uninfected cell populations. Nevertheless, the
overall level of apoptosis even in cultures with the highest
apoptosis rate was still relatively low (�15%), which sug-
gests that the apoptotic events in chlamydia-infected cul-
tures are not likely to be biologically significant.

Chlamydia-infected cells are able to undergo DNA synthesis
and mitosis. Since most cells in chlamydia-infected cultures
are not apoptotic, we next evaluated whether the cells are at a
quiescent stage or can undergo normal proliferation. By defi-
nition, resting cells not only fail to undergo apoptosis but also
lack the ability to proliferate unless stimulated. We then mea-
sured the host DNA synthesis and mitotic spindle formation,
both of which are indicative of cell proliferation, in chlamydia
L2-infected cultures (Fig. 2). Active BrDu incorporation was
detected in nuclei of cells regardless of L2 infection and infec-
tion stage, including 0, 10, 20, and 40 h after infection (Fig.
2A). The percentage of host cells positive for BrDu incorpo-
ration was similar for cells with (65%) or without (62%) L2
inclusions in the same infected cultures (P � 0.05) (Fig. 2B),
suggesting that chlamydial infection did not affect the ability of
either cell population to carry out DNA synthesis. We further
compared the rate of mitotic spindle formation between vari-
ous cell populations 40 h after infection with L2. Obvious
spindle microtubules were detected in cells regardless of chla-
mydia L2 infection (Fig. 2C). There was no significant differ-
ence in the percentage of cells positive for mitotic spindles
between the infected (9%) and uninfected (7.5%) cells in the
same infected culture or the cells (7%) in the noninfection
control culture (P � 0.05 for both comparisons) (Fig. 2D),
demonstrating that chlamydial infection does not prevent the
infected cells from entering mitosis. Due to the fact that BrDu
incorporation is an irreversible process and thus accumulates,
while mitotic spindle formation is a transient process, we have
observed an obvious difference in the percentage of cells pos-
itive for DNA synthesis versus positive for mitotic spindles.

Chlamydia-infected cells are resistant to apoptosis induc-
tion. Normally, when mammalian cells are not arrested and are
competent for mitosis, these cells should be able to undergo
apoptosis in response to stress signals. The question is why
most chlamydia-infected cells fail to proceed with apoptosis in
response to chlamydial infection. We have previously demon-
strated that chlamydia-infected cells are profoundly resistant
to apoptosis induction due to the chlamydial ability to block
host cell apoptosis pathways. Since these earlier studies were
based on only a few serovars of C. trachomatis species, we
decided to extend our previous studies by comparing the an-
tiapoptotic activities among 17 different chlamydial serovars
from both the C. trachomatis and C. psittaci species (Fig. 3). A
triple staining for DNA, cytochrome c, and DNA fragmenta-
tion was used to reveal the apoptosis induced by staurosporine
in cell cultures with or without chlamydial infection. Shown in
Fig. 3A are images from an L2-infected culture. Clearly, the
staurosporine-induced apoptosis can be accurately determined
based on this triple staining. The apoptotic cells detected ei-
ther in the noninfection control culture or in the L2-infected
culture all showed striking nuclear condensation with obvious
DNA fragmentation and clear mitochondrial cytochrome c
release. It should be noted that the chlamydial infection rate
was intentionally adjusted to �50% so that the apoptosis in

cells with or without chlamydial inclusions from the same in-
fected cultures can be conveniently quantitated and the rates
of apoptosis in these two cell populations can be compared
(Fig. 3B). Overall, all chlamydia-infected cells exhibited a sig-
nificant antiapoptotic activity during the entire infection
course. This was true when the rate of apoptosis was compared
either between cells with or without chlamydial inclusions in
the same infected cultures or between the inclusion-positive
cells in the infected cultures and cells in the noninfection
cultures. It should be emphasized that the comparison between
two cell populations in the same cultures may lead to more
reliable conclusions, since both cell populations compared are
exposed to the exact same culture conditions. The level of
antiapoptotic activity varied between different serovars and
different times after infection. The lowest antiapoptotic activity
was detected in cells infected with 6BC, followed by GPIC, K,
and chlamydia muridarum at 72 h postinfection. It is apparent
that a higher apoptosis rate was always detected at the late
stages of infection, suggesting that older cells are more sus-
ceptible to apoptosis induction with staurosporine. Neverthe-
less, chlamydia-infected cells still maintained a significantly
high level of antiapoptotic activity even at the late stages of
infection.

Human primary cells infected with chlamydia L2 can un-
dergo DNA synthesis and resist apoptosis induction. To test
whether the chlamydial effects observed in HeLa cells are cell
line dependent, we evaluated the effects of chlamydial infec-
tion on host cell DNA synthesis and apoptosis programs in
human primary cells. Both endometrial epithelial cells (MS74)
and HUVEC efficiently incorporated BrDu regardless of L2
infection (Fig. 4A). The BrDu-positive cells were counted in
three separate experiments, and the BrDu incorporation rate
was between 40 and 60% for each of the three cell populations
(all cells in noninfection control cultures and uninfected cells
or infected cells [with obvious chlamydial inclusion bodies] in
the infected cultures) (data not shown). Furthermore,
HUVEC with L2 infection for 40 h did not show any significant
apoptosis, and instead host cell apoptosis induced by stauro-
sporine was profoundly inhibited (Fig. 4B). When the apopto-
tic events were quantitated by counting the apoptotic cells in
two independent experiments, about 80% of either the normal
HUVEC in the noninfection culture or the uninfected cells in
the infected culture were induced to undergo apoptosis, while
fewer than 5% of the infected cells were apoptotic regardless
of staurosporine induction (data not shown), demonstrating a
strong antiapoptotic activity by chlamydia in human primary
cells. These observations have confirmed our findings in HeLa
cells.

DISCUSSION

We have demonstrated that although apoptosis can be de-
tected in chlamydia-infected cultures, antiapoptotic activity is
the prevailing event in chlamydia-infected cells during the en-
tire course of chlamydial infection. This finding is consistent
with the following observations: (i) chlamydia-infected cells
can continue to undergo DNA synthesis and mitosis during the
entire course of infection (Fig. 2) (7); (ii) chlamydia-infected
cells are known to be able to synthesize and secrete cytokines
even at very late stages of infection (24, 31, 38); (iii) an up-
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FIG. 2. Effects of chlamydial infection on host cell DNA synthesis
(A and B) and mitosis (C and D). HeLa cells with or without infection
with chlamydial L2 serovar were processed for staining and counting.
(A) The infected cell cultures were processed at 0, 10, 20, or 40 h after
infection for staining. Nuclei incorporating BrDu were labeled red
(indicated with arrowheads in the overlay panels), chlamydial inclu-
sions were labeled green, and DNA was labeled blue. Note that host
cell nuclei incorporated BrDu regardless of L2 infection, and BrDu
can also be taken up by chlamydial organisms (last panel). (B) Samples
stained 40 h after infection were subjected to counting as described in
the legend to Fig. 1B. The percentages of cells with BrDu-positive
nuclei (means � standard deviations) were compared for cells with or
without chlamydial inclusions in the same infected cultures (P � 0.05).
The data are from five independent experiments. (C) HeLa cells with
or without L2 infection for 40 h were labeled for acetylated tubulin
(green), chlamydial inclusion (red), and DNA (blue). Mitotic spindles
are indicated by arrowheads in the composite tricolor panel. (D) The
samples stained as described for panel C were counted as described for
Fig. 1B. The results (means � standard deviations) are from five
independent experiments and were compared between cells with chla-
mydial inclusions (middle bar) and without inclusions (left bar) (P �
0.05) from the same infected cultures or the cells from the noninfec-
tion cultures (right bar) (P � 0.05). Note that chlamydial infection had
no significant effects on host cell DNA synthesis and mitosis.
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regulated metabolic activity was detected in chlamydia-in-
fected cells (23, 33); (iv) active phosphorylation of both host
and chlamydial proteins, likely by host kinases, was identified
(3, 17, 43); (v) chlamydiae can actively import nutrients, in-
cluding lipids and energy, from host cell cytosol into chlamyd-

ial vacuoles for chlamydial biosynthesis (10, 22, 49, 51), which
requires host cells to be viable; and (v) preventing the infected
cells from undergoing apoptosis may help the intracellular
chlamydial organisms to evade host defense mechanisms (16),
which is consistent with the observation that animals with or

FIG. 3. Chlamydia-infected cells are resistant to apoptosis induction. HeLa cells were infected and processed way as described in the Fig. 1
legend except that the cultures were induced to undergo apoptosis with staurosporine at 4 h prior to the termination of the cultures. (A) Rep-
resentative images showing that both the cells in the noninfection control cultures and the cells without chlamydial inclusions in the serovar
L2-infected cultures were induced to undergo apoptosis by staurosporine. The DNA were labeled blue (first row), cytochrome c were labeled red
(second row), and fragmented DNA were labeled green (third row). Chlamydial inclusions identified based on Hoechst staining (last two panels
of the first row) are marked with asterisks (last two panels of bottom row). Note that although the uninfected cells were induced to undergo
apoptosis, the infected cells (cells with inclusions) were resistant to apoptosis induction. Other combinations of triple staining as described in the
Fig. 1A legend were also used in this experiment. (B) HeLa cells with or without infection with 17 different chlamydial serovars were induced to
undergo apoptosis and processed at various times after infection. The cell samples were stained as described in the Fig. 1A and 3A legends. The
cells with or without inclusions and with or without apoptotic nuclei were counted independently as described in the Fig. 1B legend. The results
(means � standard deviations) are from three to eight experiments, each with duplicates, and were compared between cells bearing inclusions
(open bars) and those bearing no inclusions (solid bars) from the same infected cultures or the cells from the cultures of HeLa cells alone (last
solid bar). Note that cells with inclusions from each of the 17 infected cultures all showed significant antiapoptotic activity. ND, not detected.
MoPn, chlamydia muridarum.
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without deficiency in perforin-mediated apoptosis showed a
similar susceptibility to chlamydial infection (36). All of these
observations support a central concept that what chlamydiae
really want from their host cells is a safe and rich niche to live

in, which inevitably requires chlamydiae to manipulate host
cells and to prevent but not to induce host cell apoptosis.
However, the role of chlamydial antiapoptotic activity in chla-
mydial evasion of cytotoxic T lymphocyte (CTL)-induced ap-

FIG. 4. Human primary cells infected with L2 can also undergo DNA synthesis and resist apoptosis induction. Either MS74 cells or HUVEC were
infected with L2 as described in Materials and Methods and processed as described in the Fig. 2A and 3A legends. (A) Representative images of either
MS74 cells or HUVEC infected with L2 for 40 h were labeled with BrDu and processed as described in Materials and Methods. The samples were stained
for nuclei incorporating BrDu (red), chlamydial inclusions (green), and DNA (blue). Note that nuclei of either cell type incorporated BrDu regardless
of L2 infection, indicating that both of the primary cells can undergo DNA synthesis in the presence of chlamydial infection. (B) Representative images
of HUVEC with or without L2 infection for 40 h and with or without apoptosis induction by staurosporine. The DNA was labeled blue (first row),
chlamydial inclusions were labeled red (second row), and fragmented DNA was labeled green (third row). Apoptotic cells are indicated with arrowheads
in the tricolor overlay images. Note that although most of the uninfected cells (in either the noninfection control culture or the infected culture) were
induced to undergo apoptosis, the infected cells (cells with inclusions) were resistant to apoptosis induction.
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optosis requires further investigation, since it has been shown
that chlamydial antigen-specific CD8� T cells can be induced
and these CD8� T cells can cause cell lysis in chlamydia-
infected cultures (29, 30, 45, 50). The apparent discrepancies
between the chlamydial antiapoptotic activity and CTL-in-
duced cell lysis may be explained from the following two as-
pects. First, the chlamydial antiapoptotic activity peaks at mid-
dle cycle of chlamydial growth, while many of the CTL assays
were carried out with cultures infected with chlamydia at early
stages of chlamydial infection. Second, the chlamydial anti-
apoptotic activity was detected in the infected cells at the
single-cell level (16) (see below for details), while the CTL-
induced cell lysis was measured based on Cr51 release from the
entire infected culture. It is known that the adjacent uninfected
cells in the infected cultures are more susceptible to apoptosis
induction by factors secreted in the same infected culture (41).
It is not clear how much the nonspecific cell lysis can contribute
to the Cr51 lysis release after the chlamydia-infected cultures
are mixed with CTL preparations. The challenge will be to
visualize the apoptosis events at the single-cell level in chlamy-
dia-infected cultures after induction with chlamydia-specific
CTLs.

The observation that apoptosis was detected in chlamydia-
infected cultures and even increased at the late stages of in-
fection (Fig. 1B and 3B) may be due to the following reasons.
First, the increased apoptosis late in the infection course may
reflect the elevated susceptibility of older cells to stress signals,
since the noninfection control cells also displayed a higher rate
of apoptosis 48 h after culture (Fig. 1B). Second, the fact that
apoptosis of the uninfected cells from the infected cultures was
significantly higher than that of the cells from the noninfection
cultures (Fig. 1B) suggests that there are proapoptotic factors
in the infected cultures to promote apoptosis. It is possible that
either chlamydia-derived toxins or toxic materials released by
chlamydia-infected cells play some role in promoting apopto-
sis. Several chlamydial toxin homologue genes (including chla-
mydia muridarum and GPIC) encode a homologue of the
complete clostridium large toxin (39, 40, 46). It has been dem-
onstrated that the chlamydial toxin homologue genes are ex-
pressed late in the growth cycle, and chlamydia muridarum is
more toxic to cultured cells than other C. trachomatis strains,
which contain truncated toxin genes or no toxin genes at all (5).
These observations are consistent with our finding in the
present study that cultures infected with chlamydia muridarum
or either of the two C. psittaci strains (GPIC and 6BC) dis-
played higher levels of apoptosis at the late stages of infection
(Fig. 1B). Finally, many host cell-derived cytokines, such as
tumor necrosis factor alpha, can have proapoptotic activity
(26), and chlamydia-infected cells are known to secrete these
inflammatory cytokines (38). It has been observed that super-
natants from live chlamydia-infected macrophage cultures
were toxic to lymphocytes (reference 47 and unpublished
data). Although these proapoptotic conditions induced up to
15% of the uninfected cells to undergo apoptosis, most in-
fected cells from the same infected cultures showed no signif-
icant apoptosis (Fig. 1B). This finding is consistent with a
previous study showing that in chlamydia-infected mouse cell
cultures, significant apoptosis was detected in the uninfected
cells but not in the infected cells (41). It has been suggested
that chlamydiae may induce apoptosis of leukocytes recruited

to the site of infection for evading host defense (27). These
observations together support the concept that chlamydia-in-
duced apoptosis occurs mainly in the nearby uninfected cells,
while the infected cells are resistant to apoptosis induction.

The increased apoptosis rate in chlamydia-infected cultures
at the late stages of infection has led some to hypothesize that
chlamydiae may exit the infected cells via host cell apoptosis.
Although there is evidence supporting this idea (12, 35), our
observations suggest that the situation is complex and requires
more studies. For example, although more cells in chlamydia-
infected cultures became apoptotic at the late stages of infec-
tion, the overall apoptosis levels were not high enough (involv-
ing only 15% of the cells) (Fig. 1B) to consider apoptosis an
active or effective process for chlamydial spread. More impor-
tantly, most of the apoptosis occurred in the uninfected cells
(Fig. 1B), and chlamydia-infected cells were actually resistant
to apoptosis induction throughout the entire infection course
(Fig. 3B). Since chlamydiae reside within cytoplasmic vacuoles,
active lysis of both vacuolar and cytoplasmic membranes or
activation of unknown EB excretion pathways is required for
chlamydial organisms to reach the extracellular space, which
cannot be achieved by apoptosis. On the contrary, apoptotic
cells not only maintain the cytoplasmic membrane integrity but
also provide signals for phagocytosis, which serves no advan-
tage for chlamydial survival in the infected host cells. There-
fore, more experimentation is required to clarify the role of
host cell apoptosis in chlamydial release and to understand the
mechanisms by which chlamydiae achieve intercellular trans-
mission.

We have noticed that the methods used for detecting apo-
ptosis in chlamydia-infected cultures can affect the results
(data not shown). Although in general, apoptosis can be de-
tected at the cytoplasmic membrane, cytosol, or nuclear level
by many well-established methods, detecting apoptosis in chla-
mydia-infected cultures represents a unique situation, and not
all methods can be used for accurately quantitating apoptosis
in chlamydia-infected cultures. This is because the massive
chlamydial organism structures and chlamydial infection-in-
duced host cell alterations that are independent of host cell
apoptosis can all contribute to final readouts of the apoptosis
measurements. For example, chlamydial DNA can interfere
with apoptosis measurements based on DNA quantitation,
such as flow cytometry or enzyme-linked immunosorbent as-
say. Unfortunately, many of the studies showing chlamydial
proapoptotic activities have used the flow cytometry-based as-
say for measuring apoptosis events in chlamydia-infected cul-
tures. The fact that chlamydiae can induce transient exposure
of phosphatidylserine (20) makes annexin V-based measure-
ments unreliable for identifying apoptosis in chlamydia-in-
fected cultures, although the transiently exposed phosphatidyl-
serine may be used as signal for phagocytosis (15). Similarly, it
is not appropriate to use the chlamydia-induced activation of
caspase-1 for identifying apoptosis (31), since caspase-1 has
many other functions, such as processing interleukin-1� and
-18, and activation of capase-1 does not necessarily drive the
cells into apoptosis. Due to the complexity of the chlamydia-
host cell interaction, visualization of apoptosis at the single-cell
level, although tedious, may represent one of the most reliable
methods for detecting apoptosis, since it avoids the cell popu-
lation-based interference caused by the presence of chlamydial
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infection. This microscopic approach may introduce subjectiv-
ity, and it could underestimate the apoptosis events when ap-
optotic cells are detached from the coverslips prior to count-
ing. In our experience, the cell detachment can be minimized
by careful sample processing, and the extent of detachment can
be monitored by comparing the cell number or density be-
tween normal and proapoptotic staurosporine-treated cell
samples. Caution was taken in the present study to ensure that
there was no significant detachment of apoptotic cells.

Finally, the most interesting question is, of course, how chla-
mydiae manage to prevent the infected host cells from under-
going apoptosis. Based on both our previous studies (16) and
the present work, we hypothesize that chlamydiae may secrete
factors into host cells for actively blocking host apoptosis path-
ways. Efforts are under way to identify the potential antiapop-
totic factor(s) by using a combination of genetic selection and
biochemical purification approaches (52) and to further under-
stand the mechanisms of chlamydial antiapoptotic activity.
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